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1. INTRODUCTION

1.1 1dentification and Significance of the Problem or Opportunity

The FAA is currently expending a great deal of effort in determining means
that could lead to capacity and efficiency gains 1in the National Airspace
System (NAS). Planned NAS modernization improvements will accommodate the
projected traffic growth, but safety considerations may limit utilization of
the economies anticipated by these improvements. Currently, the wake vortex
hazard is a major safety consideration which may limit the NAS to accommodate

future growth.

IFR separation standards are currently 3/4/5/6 nmi (depending on the
generator/encounter aircraft combination). The FAA estimates significant
traffic increases at most airports over the next twenty years, and IFR delays
will get worse. The MITRE Corporation, in studies for the FAA (Ref. 1), has
shown that if the vortex wake hazard could be eliminated, the NAS could
accommodate separations of 2.5 nmi and greatly reduce this hazard. NASA has
pursued aerodynamic alleviation at the source to reduce the intensity of the
vortices, while the FAA has pursued a ground based detection and avoidance

system.

The NASA program (Refs. 2-4) has demonstrated that aerodynamic alleviation
is possible, but to date these concepts are only partially successful. The
concepts, when deployed on existing ailrcraft, all have performance and/or
efficliency penalties. In addition, the concepts have been shown to be
sensitive to small aerodynamic changes (such as extending landing gear, Refs.
5 and 6). Since no general alleviation concept has been developed, NASA has
revised its program to emphasize vortex physics with the hope of developing
alleviation concepts which can be factored 1into the design of the next
generation of jetliners. In any event, vortex alleviation at the source seems

to be a long way off.

The second concept to reduce vortex hazard, under development by the FAA,
is to monitor the position of vortices using ground based sensors. A recent
workshop, held in September of 1983 at NASA Langley, addressed Wake Vortex

Detection Technology and identified several promising sensor technologles.
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These technologies were either 1land based or airborne. The workshop
concluded, however, that operational readiness of any system is at least ten

years away.

The need for an interim system which will allow pilots to close
separations during IFR conditions is immediate. Under VFR conditions, pilots
voluntarily reduce spacings to 2 nmi or less. TIf an onboard vortex detection
system could be developed which would be reliable and inexpensive, and give
pilots a level of confidence against vortex encounter by giving a warning of
an imminent encounter, as well as evasive action, aircraft separations under
IFR conditions may be reduced. This report investigates the feasibility of

developing an interim onboard vortex avoldance system. This system would use

existing proven sensors such as angle-of-attack vanes, roll rate sensors

and/or accelerometers and might become part of an existing avoidance system

such as a wind-shear detection system.

1.2 Phase I Study Objectives

The Phase 1 study reported herein attempts to answer the following

questions.

1) Using existing instrumentation how far from vortex cores can

a vortex signature be detected?

2) Can this signature be used to compute location of a vortex

wake?

3) How large 1s the signal to noise?

4) Will this signal be adequate to provide detection and

evasion time for in trail encounters?

5) Are there any other reasons why the proposed concept might

not work?
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Complete answers to these questions, because of the limited scope of the
Phase I effort, cannot be given, but sufficient progress has been made to
determine if a Phase II research effort is justified. The remainder of this

report addresses the above five questions.
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2. DETECTABILITY

2.1 Idealized Signal Strength

The wake of an aircraft is made up of two-counter rotating vortices known
as a vortex palr. In Figure 1 1is shown a schematic of an encountering
aircraft about to interact with the wake of a generator aircraft during
approach. Note that the wake of the generator extends aft of the encountering
aircraft, but in this schematic it 1s truncated at a transverse plane located
at the wing of the encountering plane. This plane will be used often to
discuss vortex detection in the remainder of this report. Note that the wake
shown schematically in this figure is not straight along the generator
aircraft's landing trajectory but is shown distorted. This distortion results
from a wake instability which must be accounted for in a wake detector
algorithm. This instability, known as sinusoidal instability, 1s one source
of noise which will complicate the detection algorithm. Noise will be a
significant but surmountable problem in developing an onboard vortex detector

system.

In the transverse or analysis plane, Figure 2 shows schematically the
location of the vortex centers and location of an encountering ailrcraft
relative to the vortex pair. The strength of the vortex is quantified by the
circulation, T , and the spacing between the vortices; b , is nominally about
2/3 the wingspan of the generating aircraft. It 1s well known that the weight
of the generating alrcraft is related to the air density, p , and flight
speed, U , by Weight = pUl'b . The product of Tb 1is known as the dipole
coefficient, u =Tb , and to a good approximation determines the magnitude of
the swirling velocity field for radial distances R > b in the region where

the encountering aircraft would first detect the presence of the vortex pair.

It is well known also that the velocity field in this analysis plane is to

a good approximation given by

S I ¢4 B Y -7 :
vV = o , W= o - (1)

for R >b .
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Encountering
aircraft |;

Schematic of an encountering aircraft in the
vortex flow field of a generator. The cartesilan
cordinate system, Y , Z , has corresponding

velocity components, V , W .

Figure 2.
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Hence, a key observation is made that the swirling velocities that
characterize a wake flow field, \ and W , are to filrst approximation
proportional to the dipole coefficient, M . Since all aircraft land at about
the same speed (so as to maintain proper separation during approach) the
dipole coefficient, M , is related directly to the weight of the generating
aircraft. This relationship between M and Weight 1is tabulated on Table
1 and has been computed from data published in Aviation Week dated March 18,
1985. Note that in the units used the dipole coefficient is about twice the

weight of the aircraft. Therefore, during landing approach the intensity of

the vortex swirling velocity field is simply proportional to the weight of the

generating aircraft. The structure of this velocity field which we may want

to detect is shown in Figures 3 and 4. Here, lines of constant V and W
are shown, respectively, for the wake of an aircraft weighing 550,000 1bs
during landing approach. Note the complex structure of this velocity field,
gince it will be sensed by a detector system to determine vortex pair

location.

It is worth noting that for this weight, aircraft vertical velocities are
of the order of 1.0 ft/sec at distances 400 ft lateral offset from the
centerline of the wake, and drop off as the square of the distance away from
the dipole center. It is suggested that this velocity field, or the response
which it induces on an encountering aircraft such as roll or rectilinear
acceleration, be the signal from which a detection algorithm will determine

the relative location of an encountering aircraft from the wake center.

2.2 Existing Sensor Technology

The sensors examined in this study are summarized in Table 2. They have

been chosen based on:

a) prior or current use aboard aircraft,
b)  high reliability, and

c) documented accuracy , sensitivity and threshold.



TABLE 1.

Published Landing Weights and Computed Dipole Coefficlents
for Major Transport Aircraft (Ref 7)

Weight (1b) u u/Weight
Aircraft (mgx_landing) (ft>/sec) (ft3/sec/1b)
8707 228,000 458,000 2.0
B727 154,333 308,000 2.0
B737 106,750 213,000 2.0
B747 552,000 969;000 1.8
B757 198,000 398,000 2.0
B767 282,667 523,000 1.9
L-1011 365,500 637,000 1.7
DC-8 229,333 417,000 1.8
DC-9 101,020 208,000 2.1
MD 131,375 269,000 2.1
DC-10 383,250 | /715,000 1.9
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The instruments are grouped into three categories based on what variables are

sensed.

aj Fluid velocites in a plane perpendicular to the direction of

motion of the encountering aircraft (Table 2a).
b) Rotary velocity or acceleration of the aircraft (Table 2b).

c) Rectilinear velocity or acceleration of the aircraft (Table

2¢c).

Certain sensors have been eliminated from consideration as a consequence
of very slow response times. An example of such an instrument is a rate-of-

climb indicator.

2.3 Ideal Detection Distances

We have shown above how the wake flow field is directly related to the
welght of the generating aircraft and have tabulated instruments which may be
used on an onboard vortex dectection system. Some simple estimates of ideal
detection distances can now be made neglecting noise. The detection distances

are denoted as i1ideal detection distances.
Detection Using Flow Angle Vanes

Using Eq. (1), the velocity in the analysis plane, Q , divided by the

encountering aircraft's flight speed is

= = (2)
2TRU

which 1s the angle which would be measured on a flow angle vane mounted on an
encountering aircraft. For the sake of discussion here and all subsequent

discussions, it 1s assumed that the approach speed is 200 ft/sec. According
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to Rosemount Inc.'s Aerospace Division, angle-of-attack vanes can routinely be
manufactured to detect angle changes as small as 0.25° although 0.5° 1is
commonly quoted. Using Eq. (2) distances at which commercial jet transport
can be first detected are given on Table 3. Note that distances are computed
assuming both 0.25° and 0.5° flow angle threshold instruments. Note that as
expected the heavier the generator aircraft the greater the distance at which
detection 1s first ideally possible. The tabulated results can be summarized
by characterizing aircraft by landing weight. Detection distances are shown

as a functlon of weight on Figure 5.

Detection Using an Onboard Roll Rate Sensor

The most predominant response of aircraft to an in trail encounter 1is
roll. Investigators have even proposed that the hazard associated with a
vortex encounter should be determined by comparing the roll upset to the roll

control authority of the aircraft (Refs 8 and 9). A simple estimate of the

ideal roll rate induced by the wake is to equate the roll rate, ¢ , to the

horizontal gradient of the vertical velocity oW/3Y or

» aW uy (—Y2 + 322)
¢ =wy =7 2 (3)
R

The ideal induced roll rate 1s now a complicated function of position, unlike
the induced angle. To make a detection estimate analogous to that in Figure
5, assume a lateral encounter (Z = Q) and note from instrument Table 2b that
thresholds for roll rate sensors are 0.002 rad/sec. In Figure 6 is shown the
lateral detection distance as a function of aircraft landing weight. This 1is
to be compared with Figure 5 and it 1s noted that the distance at which
detection is first possible, based on roll rate sensors, 1s comparable to

using flow angle vanes.
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TABLE 3.

Idealized detection distances, R1 and R2 , assuming flow angle vanes

which can detect angle changes of 0.5° and 0.25°, respectively

2-13

Generating Weight # u
Arcroft  (mox londing)  (ft3/sec) R (TE) R (1)
B707 228,000 458,000 214 303
B727 154,333 308,000 175 248
B/737 106,750 213,000 145 206
B/47 552,000 869,000 310 440
B757 198,000 388,00u 197 279
B767 282,667 523,000 228 323
L-1011 365,500 637,000 252 357
DC-8 229,333 417,000 204 289
DC-8 101,020 208,000 144 204
MD 131,375 269,000 164 232
DC-10 383,250 715,000 267 378



Ideal Detection Distance (ft)
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Figure 5. Detection distance using flow angle vanes as a function of

aircraft landing weight and istrument threshold.
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Lateral Detection Distance (ft)
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Figure 6.
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Landing Weight (thousands of |bs)

Lateral detectlon distance using roll rate sensor as a function of
alrcraft landing weight.
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Detection Using an Onboard Rectilinear Accelerometer

Rectilinear accelerations are produced onboard as a consequence of changes
in aerodynamics forces induced by the dipole flow field. Simple estimates of
accelerations to be anticipated must be made using an aircraft dynamic

A three-degree—of-freedom uncoupled model has been developed and coded

model.
to make these estimates. Roll (¢) , pitch (8) and lateral (y) and
vertical (z) accelerations are computed using the conventions shown

sketched below

my = CLqS sing

mz = - CLqS cos¢ + mg(l - cos¢)

(4)

.
<
]
(@]
g
Q
+
(@]
=
+
(@]
cl e
[¢]
[
el
w2
(]
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where

o - angle-of-attack

Cma - static-pitching moment coefficient
Cm~ - dynamic pitching moment coefficient

Cmqa ~ pitch damping coefficient

CRp — roll damping coefficient

Ly - torque-generated by vortex

m — aircraft mass

Iyy - moment of inertia about x-axis

S — aircraft planform area

q — dynamic pressure

For all dynamic simulations undertaken for the remainder of this report,
the characteristics of the encountering aircraft are taken to be that of a
Lear jet, and the generator is taken to be that of a 550,000 1b aircraft with
a separation distance between vortices taken to be b = 140 ft . The Lear jet

characteristics are tabulated in Appendix A.

The initial simulation 1s shown in Figure 7. The Lear jet with controls
locked is initially positioned at Y = Z = 600 ft and is trimmed to descend
and move laterally toward Y = Z = 0 at 10 ft/sec. This corresponds to an
intercept with the center of the vortex pair at a 3° angle. The upwash of the
wake of the 550,000 1b aircraft alters the trajectory of the Lear jet and it
passes over the wake and out of the computational domain lYi < 600 ft ,
|Z| < 600 ft in about 60 seconds. Note that the Lear jet is accelerated to
the left during this simulation. To estimate when a rectilinear accelerometer
can first detect accelerations which are vortex induced, the above simulation
is repeated with the initial position of the Lear jet taken to be at the edge
of the computational domain and the aircraft, if trimmed, to move initially
inward to Y =Z =0 at 10 ft/sec. Shown in Figure 8 is the location in the
computational domain where the magnitude of the lateral acceleration first
exceeds ; > 0.1 ft/sec2 . Referring back to Table 2c, detecting this
level of rectilinear acceleration is well within the state-of-the-art of

existing accelerometers.
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The first question which we set out in the Introduction can

answered.

Question:

Answer:

Using existing instrumentation how far from vortex cores

can a vortex signature be detected?

Existing sensors of the type routinely used on aircraft
can detect vortex induced signals several hundred feet
away from the center of the wake. The heavier the
generating aircraft, the more easily detectable the
wake, A wake from a 500,000 1b weight aircraft 1is
detectable at distances of nearly 500 ft from the wake
centerline, while the wake of a 100,000 1b aircraft is
detectable at a distance of approximately 200 ft from the

wake centerline.

2-20
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3. DETECTORS

The scope of this Phase I study allowed several detector algorithms to
receive limited evaluation. This section describes one algorithm which has
been selected as a consequence of its conceptual simplicity, and the fact that

it 1s well suited to address signal to noise issues in the next section.

3.1 Detector B - Flow Angle Vanes

If flow angle vanes are mounted on each wing tip known aircraft flight
speed it 1s possible to determine lateral and vertical velocity at each wing
tip as a function of time. From these measurements (assuming aircraft
transverse motion can be neglected or has been removed from the signals) the

following variables can be computed as a function of time.

Vr(t) + Vﬁ(t)

v(t)

2
W () + W (t)
W) = St (5)
gy M (6) ~ W (D)
Y 25

where VvV , W and dW/3Y are the lateral velocity, vertical velocity and
lateral gradient of vertical velocity, respectively, at the encountering
aircraft. The quantity, 2S , is the distance between the two wing tip flow
angle vanes, and subscript r and £ denote right and left wing tip sensors,
respectively. The left-hand sides of Eq. (5), V , W and dW/09Y , are then
equated to their dipole approximations, Eqs. (1) and (3), to yield



YZ
v(t) = - ==
R
2 2
Wt = g (6)
R

aW(r) _ u Y(-¥* + 32%)

Y b R6

It is straightforward but tedious to show that Eq. (6) may be solved for
Y(t) , Z(t) and u . Therefore, the position of the encountering aircraft,
relative to the center of the wake (Y(t) , Z(t)) , 1is determined as a
function of time, as well as the dipole coefficient or weight of the
generating ailrcraft. The simplicity of this detector 1is illustrated by

writing down the solution for Y(t) and Z(t)

2W(e) (-1 + 3f2>

Y(t) =
oW 4
§§-(t> (L - £7)
Z(t) = fy(t) (7)
_ W(t) v(t)
f = TED) 1+ 1+ (w(t))

and the sign of f must have the same sign of -V(t) . Note that the most
complicated operation required in this detector algorithm involves taking a
square root and, therefore, this detector could easily be programmed into an
onboard microprocessor and work in real time. This particular algorithm has
been denoted as Detector B internally, and will be called as such for the

remainder of this report.
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3.2 Detector B - Accuracy

The accuracy of Detector B may be evaluated in several ways. The first is
to use the detector to predict the location of an aircraft moving in the wake
flow field, and compare this prediction with the actual aircraft location.
This comparison is shown on Figure 9 where the predicted positions using
Detector B are shown for an aircraft which 1is actually located on rays
originating from the wake centerline Y = Z = 0 . The flow field used in this
study is the same flow field in the simulation shown in Figure 7 (two vortices
of strength 5000 ft2/sec separated by 140 ft). WNote that as the vortices are
approached, the predicted positions differ from the actual position. This, of
course, 1s a consequence of the fact that our detector is looking for a
dipole. The excellent agreement at distances greater than about 100 ft from

the wake centerline for such a simple detector algorithm is very encouraging.

A second comparison of algorithm accuracy can be made by recomputing the
dynamic simulation of the Lear jet with controls locked, as shown in Figure
7. Removing aircraft motion from the flow angle vane signal (which is easily
done here, since aircraft absolute motion is computed) the actual and
predicted trajectories are shown in Figure 10. Note that only as the Lear jet
position approaches the center of the vortex palr, at a distance of the order
of the vortex separation, does the predicted trajectory differ from the actual

trajectory. This result is also very encouraging.
The second question can now be answered.

Question: Can this signature be used to compute location of a

vortex wake?

Answer: It has been demonstrated that a relatively simple
detector algorithm can be used to compute the relative
position between an encountering alrcraft and a vortex
wake. Other algorithms are possible which wuse both
flow vanes and aircraft response variables and detailed
analysis of these are a major portion of the Phase II

effort.
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3.3 Signal Averaging

In preparation for the next section, which will examine noise, an estimate
{s made here which determines how significantly detector accuracy decreases
when the signal is averaged. Specifically, the predicted alrcraft position

will be computed from

t
1
Ya(t) =T Y(t)dt
t=T
(8)
t
1
za(t) =7 Z(t)dt
t=T

where T 1is the averaging time and Ya and Z, are the averaged predicted
aircraft position. The simulation of the Lear jet with controls locked as
shown in Figures 7 and 10 1is repeated, and the detector position time
histories Y(t) and 2(t) are averaged for T = 4 and 10 seconds on Figures
11 and 12. A comparison of Figure 7 of actual Lear jet position with that of
Figures 11 and 12 suggests that four-second averaging of the detector signal
results in errors over the simulation of 75 ft or less, and the ten-second
averaging results in errors of hundreds of feet, and is unacceptable. Note
that near the end of the simulation from Figure 7, lateral velocities are
approaching 50 ft/sec which represents an encounter angle with the wake over
14°, Therefore, it is concluded that with Detector B, and averaging times of
the order of four seconds, acceptable predictions of relative positions

between wake and aircraft are possible, even with the angle between the wake

and encountering aircraft appreciably greater than 6°.

It will be shown in the next section that about four—-seconds averaging of

the detector signal is sufficlent to remove the noise anticipated in the

detector signal.
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4. SIGNAL TO NOISE

4.1 Noise Sources

Noise will enter the onboard vortex wake detection signal from:

1) atmospheric turbulence,

2) sinusoidal instability of the wake, and

3) alrcraft induced noise from structural flexibility and

control surface motion,

as well as from electronic processing of the sensors' output for the sensors

under consideration in Section 2.

4.2 Atmospheric Turbulence

Under landing conditions while several hundred feet above the ground, the
aircraft 1s operating in the atmospheric mixed layer. This layer's thickness
varies during the day's heating cycle, and is intimately related to the degree
of cloud cover among other variables. What 1s relevant, with regard to

operating in a turbulent environment, 1s that

1) turbulent fluctuations are random (they have no mean when

averaged), and

2) turbulent eddies are only correlated over finite distances

(over a turbulent integral scale length A ).
It 1s also generally agreed that under most conditions in the earth's mixed

layer the 1ntegral scale or coherence length of eddies 1s approximately

estimated from

4-1



A < 0.6h (9)

where h is the distance above the ground. The idea here is that eddies
cannot be bigger than the distance to the nearest solid surface. Here this

surface is the earth.

As a rule of thumb, if we wish to average turbulent fluctuations from a

signal, the averaging time T_ must be

T = Ay (10)

where U 1s the flight speed. Recalling that approximately four seconds 1is
avallable for signal averaging, and using a 200 ft/sec approach speed, nolse

from turbulence can be removed from the detector's signal at altitudes between

0 <h <1200 ft (1)

Since above this altitude a vortex encounter 1is not likely to be serious, it
seems from this simple analysis that noise from atmospheric turbulence may not

be an insurmountable 1ssue.

4.3 Sinusoidal Instability of the Wake

The phenomenon of sinusoidal or Crow instability of a vortex wake is shown
in Figure 13. The phenomenon has been extensively studied in the literature
(Refs 11-14), and an analysis by Bliss (Ref 15) has shown how the phenomenon
is forced by atmospheric turbulence. His analysis has shown that the most
unstable wavelengths are of the order of 5 vortex spacings. The instability
is shown schematically in Figure l4. To demonstrate that the noise introduced

into the detector algorithm by sinusoidal instability can be averaged out, we
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Figure 13. Inaability of a pair of trailing vortices. The vortex
trail of a B-47 aircraft was photographed directly overhead
at intervals of 15 s after its passage. The vortex cores are
made visible by condensation of moisture. They slowly
recede and draw together in a symmetrical nearly sinu-

&
x;

R e .’f{
A
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ﬁ'h_’ R &

soidal pattern until they connect to form a train of vortex
rings. The wake then quickly disintegrates. This is com-
monly called Crow instability after the rescarcher who ex-
plained its early stages analytically, Crow 1970, courtesy of
Meteorology Research Inc. (from Ref. 10)
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Figure 4. General features of the sinusoidal vortex paiy instability.
The amplitude of the instability is r, which grows with

time until the vortices link and form crude rings.
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have modified the three—degree-of-freedom simulation code velocity field to
allow the Lear jet to fly into the vortex velocity field of sinusoidally
displaced vortices. In Figure 15 1s shown the predicted aircraft trajectory
from a detector signal which has been averaged over four seconds, when the
amplitude of the instability was taken to be 40 ft, and has a wavelength of
750 ft. All other conditions of the simulation are the same as the simulation
shown on Figure 7. VIt appears agaln that if four-second averaging of the
detector's signal can be achieved in flight, then the noise associated with
sinusoidal instability can be successfully removed from the signal. This does
not come as a surprise, since the rule of thumb time to average out the

sinusoidal instability noise 1is

TS = AS/U (12)

or for the conditions used here TS ~ 3.75 seconds which is less than the

four seconds used.

A final comment on sinusoidal instability is relevant here. It is known
that as the turbulent intensity increases in the atmosphere, the time at which
the vortices link to form rings (as shown in Figure 13) decreases. Bliss (Ref
15) has obtained an approximate expression to evaluate wake time, or time to
link. We have computed the wake lifetime for a Lear jet and a B-747 aircraft
and the results are plotted on Figure 16. The ordinate is the root mean
square vertical turbulent velocity in ft/sec. It is curious that although the
detector will have to operate in a noisy turbulent environment, the more

turbulent the atmosphere the less likely the wake is a hazard.

4.4 Adrcraft Motion

1f sensors are mounted at the aircraft's wing tip, or in the aircraft's
fuselage as 1t flies through atmospheric turbulence, wing tip motion and
fuselage accelerations will contribute noise to the detection signal. In

Appendix B, the details of a two-degree—of-freedom wing flapping model are
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described. The results from this model are summarized on Figures 17 and 18.
From Figure 17, for the aircraft listed on Table 1, nondimensional
accelerations of the fuselage are maximum at a turbulence scale of less than

100 ft and are of the order

(13)

==

where ﬁt is the root mean square:7 vertical turbulent veloclity.
Using Wt = 1 ft/sec (mild turbulence) , =z = 0.2 ft/sec2 is of the order of
the threshold value of an accelerometer. This suggests that the noise is of
the order of the signal when we first hope to begin detection, but since the
scale at which this response occurs 1s so small, an averaging time of only
100-ft/200 -ft/sec = 0.5 sec should be required to remove the noise. A

similar conclusion is reached with regard to the root mean square tip

velocity S$ s S&J/Wt ~ 0.5 at a scale of A = 100 ft shown on Figure 18.
The third question can now be answered
Question: How large is the signal to noise?

Answer: At distances at which we wish to begin to detect the
presence of a vortex (several hundred feet), the noise
will be comparable to the signal. Fortunately, the
noise can be removed from the signal by a simple
average. Averaging times of the order of four seconds

appear to be adequate.

4.5 Detection and Evasion Time

The last issue to be addressed concerns whether a wake can be detected, a
warning given to a pilot and an evasive manuever executed before a significant
vortex upset occurs. This question can be addressed by example. Referring to

Figure 19, shown schematically 1is the geometry at encounter which is assumed
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Encountering aircraft

-
/

Generator wake

Figure 19. Idealized encounter.
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to be the time at which the encountering aircraft's wing tip is coincident
with the vortex core. Therefore, the distance at which a detector must begin

to detect a vortex 1is

b + bf
= e+ + 4
R 3 Ve(T Te) (14)
where
be is the span of the encountering aircraft
Ve is the lateral encounter velocity (10 ft/sec for a 3° encounter
angle)
T is the detector averaging time, approximately four seconds
T is the pilot response time to execute an evasive manuever after
warning, approximately three seconds
Assuming
b = 75 ft
b = 100 ft
Ve = 20 ft/sec (a 6° encounter)
T + Ty = 7 seconds

the wake must first be detected at a distance R = 250 ft. In light of the
detection distance estimates made in Section 2, this detection requirement

seems achievable.

The fourth question can now be answered

Question: Will this signal be adequate to provide detection and

evasion time for in trail encounter?

Answer: Detectors using existing sensors appear to have
sufficient thresholds and accuracy to detect a vortex
and provide a pilot with a warning prior to significant

vortex upset even with encounter angles of up to 6°.
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The final

Question:

Answer:

For encounter angles greater than 6°, it is shown in
Appendix C that maximum induced roll rates are well
below the roll control authority of the encountering

aircraft.,

question

Are there any other reasons why the proposed concept

might not work?

We have examined the effect of aileron deflection on
flow angle vanes mounted on wing tips. This induced
noise 1is small. To date, we have not identified any
technical reason why the proposed concept might not

work.



5. CONCLUSIONS

The Phase 1 effort examlned the technical feasibility of developing an

onboard

vortex avoidance system which would utilize

existing

sensor/instrumentation technology. The following conclusions were reached.

1)

2)

3)

4)

5)

6)

Generating aircraft leave as a wake a dipole velocity field
which can be detected using state-of-the-art

instrumentation.

The dipole velocity field itself, or aircraft motions such
as roll and/or acceleration, may be sensed to determine the

position of the vortex wake relative to the aircraft.

A vortex wake of the large jumbo jet may be sensed at
lateral distances of the order of 500 ft using existing

state-of-the—-art instrumentation.

Assuming lateral encounter velocities, corresponding to wake
interception angles of up to 6°, sufficient time exists to
detect the vortex wake, alert the pilot and undertake an
evasive maneuver prior to encounter, For encountering
angles greater than 6° induced roll rates are below the roll

control authority of the aircraft.

Instrumentation noise will be an 1ssue and will lead to
detection false alarms if not properly accounted for. All
indications suggest that noise may be easily removed from

the detection signal.

While no detection algorithm has been developed or proposed
in the Phase I study, 1t has been shown how two simple flow
angle vanes may be used to determine the position of an

alircraft relative to a vortex wake.
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7) There appears at this time, no technical reason why an
onboard vortex avoidance system cannot be developed using

state-of~the—art instrumentation.
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APPENDIX A

Lear Jet Characteristics

Weight

Roll moment of inertia
Span

Wing area

Flight speed

Lift curve slope

Roll damping coefficient
Aileron roll coefficient
Pitch moment of inertia
Mean wing chord

Static pitching moment coefficient

10,000
12,300
34.1
231.8
200
4.69
-0.4514
0.23
18,200
7.04

_00974

1b
ft-1b-sec
ft

fe?

ft/sec

ft—lb—sec2

ft



APPENDIX B

Two-Degree-of-Freedom Wing Flapping Model

My

lr— M.w\‘# 1| F F __I.Zf

wing fuselage

A free body of the wing gives

: 1
Mwa = F + (Wt - Zw) EDUCLGSC (A-1)
v _Fs s 1 3 3
Iw¢ =5 ¢ 3ZOUCLQS c k¢ (A-2)

where the second term on the right is the contribution due to integrating the

force effect along the wing.

A free body of the fuselage gives

MZo = - F (A-3)
S
2, -z, = 9 (A-4)



In the limit of a large spring force k , the angle ¢ must equal zero to

keep the solutions finite. This yields

Zf = Zw (A-5)
F = - Mwa (A-6)
to give
Z+ If = U (A-7)
where
1
7@UCLasc
P (4=8)
£ w

The mean square vertical acceleration due to atmospheric turbulence may

then be obtained by substituting into

— o0

2
7 = [w“sm)lu(w)lzdm (A-9)
o]
where
— (1 + 3(¥y?
S(w) = —% wi ( u ) (A-10/Ref 1)
wlL
(1 + (-U——) )
H(w) = —z-f—— (A-11)
- + jwf
so that



U

2
— o wlL
27 2.2 1 + 3{—
Z2 U £t f w(wL) ( (U )2 ) dw (A-12)
g mg wl,
. (1+E))

2 (wz + f2)
This equation is plotted in Figure 17 for the aircraft in Table 1 plus the

Lear jet.

In the limit of a large fuselage weight Mg , the movement of the fuselage

will be suppressed and Zg must approach zero. This yields

S
Z, = - o (A-13)
s 6y 1 _
F=-Més (wt + q>§) ZQUCLGCS (A-14)
to give
. . 3<:mn
o + chncb + wd = - S wt (A-15)
where
3
CLaS cplU
20 = — (A~-16)
6mR™Ww
n
2 k
W' = — (A-17)
mR

The mean square wing tip velocity due to atmospheric turbulence may then

be obtained by substituting into

oo

» = [wzs(w)[ﬂ(w)lzdw (A-18)

[¢]
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where, for this equation

e
n —-
H(w) = 5 (A-19)
—w o+ 20 iw + w
n n
so that (A=20)
2
o WL 2
. 1 + 3(—+ ) w_ dw
52¢2 - 9(2C)2 .}( w(f&) ( (U i > n 5
— 4 U 2.2 2
wi S (1 + (%-Ii) ) ((-wz + wi] + (20)%w wn>

This equation is plotted in Figure 18 for the aircraft in Table 1 plus the

Lear jet.

Ref: Houbolt, J.C., Steiner, R. and Pratt, K.G.: "Dynamic Response

of

Airplanes to Atmospheric Turbulence Including Flight Data on Input and

Response,” NASA Technical Report No. NASA TR R-199, June 1964.
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APPENDIX C

Roll Response of an Aircraft Encountering a Vortex Wake

C.]1 Literature Review

There is a very large volume of literature dealing with the problem of the
dynamic response of one aircraft to an encounter with the wake of another
aircrafec. The work can be divided into three categories: flight tests to
determine the response of an aircraft to another's wake; aerodynamic
measurement of the wake characteristics of various aircraft, wind tunnel
measurements and theory to estimate the aerodynamic forces and moments induced
on an aircraft by the wake of another aircraft; and simulation studies to
determine the complete aircraft response as well as the critical handling
qualities parameters associated with the response. The latter involve real
time models with the pilot-in-the-loop simulations. This section does not
attempt to review all of the literature in these areas but rather selects some

literature typical of each area for discussion.

Flight test investigations such as references C-1 and C-2 show the
severity of the problem. However, the wide variation in the significant
pafameters associated with the resulting dynamic motions of the aircraft
measured during wake encounters makes it difficult to draw very much in the
way of quantitative conclusions. Generally, the flight test results of Ref.
C-1 where a variety of aircraft were flown through the wake of a C5-A show a
decreasing amplitude of the various response variables as the encounter takes
place further downstream of the generating aircraft, due apparently to the
decay of the trailing vortex system. As would be expected the smaller
aircraft show a larger response to the same wake. In general, for encounters
of a specific ailrcraft at a given distance behind the generating aircraft,
there is the order of a factor two to three in the range of the maximum roll
rate experienced during an encounter. In all instances, the maximum roll
acceleration induced by the C5-A on all the test aircraft at least equalled
the acceleration generated by full aileron deflection, even when the

encountering aircraft was a Convair 990. Reference C-2 shows similar data for
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encounters of a B727 wake by a LearJet and a PA-30. The change in peak roll
acceleration with downsteam distance in these data are less clear than in Ref.
C-1 due to the shorter distances behind the aircraft over which the tests were
conducted. Again, in general, the maximum roll acceleration exceeded the
control power of the aircraft. References C-1 and C-2 suggest as a criterion
for acceptable separation between aircraft that the separation distance should
exceed the spacing where the vortex induced acceleration exceeds the roli
control power, i.e., the roll acceleration due to full aileron deflection.
These experiments were all conducted at relatively high altitude, away from
the ground. Reference C-3 mentions that the wake of the C5-A has been
observed to rapidly decay and also presents a time history for the roll
response of a LearJet to a B727 wake showing a large oscillatory component in
the roll acceleration which does not appear in the data of Ref. C-1 and C-2.
The source of this oscillatory component, whether due to vortex motion or

aircraft flexibility does not seem clear.

Reference C-4, also a series of flight test experiments, shows that if the
velocity field through which the aircraft flies is known then the maximum roll
acceleration experienced by the aircraft flying through this field can be
satisfactorily predicted. The aircraft track, in these experiments, was at an
angle of approximately 25° to the vortex centerline in contrast to Ref. (-1
where the pilot attempted to fly along the vortex path until the wvortex
induced response caused the aircraft to be thrown out of theée vortex field.
The pilot then attempted to reenter the vortex field. All of these experi-
ments were conducted at relatively high altitude giving sufficlent space to
recover the aircraft. Variations 1in the response characteristics shown in
Refs. C-1 and C-2 are undoubtedly due to the pilots control actions, as well
as the unknown geometry of the encounters and the precise definition of the
velocity field as indicated by the results of Ref. C-4. With the possible
exception of the maximum roll acceleration, the maximum values of all the
other aircraft motion varilables would be very sensitive to the precise nature

of the encounter, as well as th pilot's control action,

Turning now to the aerodynamic data, and first considering the vortex
characteristics as a function of downstream distance, Iverson has shown good

correlation for a wide variety of wake data in Ref. C-5, indicating that if
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the Reynolds Number based on vortex strength is sufficiently large as would be
characteristics of large generating aircraft, the maximum tangential velocity,

Vi > and vortex core radius, r. , vary as

I‘OUco
= C—
Vl kl X (c-1)
l"ox
= k — -
r, N T (C-2)

Thus, as the distance behind the aircraft (x) 1ncreases, the core diameter
increases and the maximum tangential velocity decreases. Later it is shown in
this section that the response problem can be formulated such that the rolling
moment coefficient of the encountering aircraft is expressed directly in terms
of core size. Reference C-4 suggests that beyond a certain critical distance
downstream, Iverson's correlation is no longer valid and that the tangential
velocity decreases more rapidly than the square root of x , and proposes the

following proportionality

v (C-3)

« 1
1 2
X

Only a few data polnts are shown to support this change in character. A large
number of data points related to wake characteristics are given by Bofah in
Ref. C-12 showing a larger scatter than is indicated by the correlation of
Ref. C-5. The experimental wake characteristics presented by Bofah are
bounded by laminar and turbulent vortex curves, with the experimental data
looking much 1like transition between these two bounding characteristics.
Reference C-4 also indicates that inboard flap deflection on the B747 causes a
significant reduction 1in maximum tangential velocity ‘compared to the

undeflected case.

Once the wake flowfield is defined then it should be possible to calculate
the rolling moment exerted on an aircraft located in this field. Rossow, in

Ref. C-6, has shown that strip theory is quite satisfactory for predicting
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the rolling moment induced on a wing in a vortex compared to more elaborate
theories if the proper wing lift curve slope is used which accounts for the
asymmetrical distribution of lift induced by the vortex. Barrows in Ref. C-7
arrives at a similar strip theory result. Direct correlation of these
analytical methods with experimental data seems difficult to find. A number
of wind tunnel tests have been conducted to determine the rolling moment on a
wing placed in a vortex such as Ref. C-8. Generally, they show results
qualitatively similar to what would be obtained from Barrows theory. However,
Ref. C-8, for example, shows that a large wing experiences larger rolling
moments than a small wing in the same vortex field which is in conflict with
the theory given by Barrows. The most likely explanation for the discrepancy
is the fact the vortex location 1is disturbed by the wind tunmnel and the
presence of the test wing, and the vortex is moving about to such an extent
that it is unclear exactly what 1is being measured. That is, the rolling
moment on the wing is a function of time due to the vortex motion with large
flucturations, as shown for example in Ref. C-9. 1In this case, the averaging
process will determine the apparent value of the rolling moment on the wing.
Experimental data from towing tank tests also presented in Ref. C-8 do not
agree with the wind tunnel data and show the opposite trend of rolling moment

with wing size compared to the wind tunnel tests.

Simulation studies have been conducted, Ref. €-10, which illustrate the
fact that the encounter occurs on a very short time scale, less than one
second, as also indicated in the flight tests of Ref. C-3, and show that as
far as the pilot is concerned the critical parameter is the bank angle induced
by the vortex, and that as the aircraft approaches the ground, the acceptable
bank angle becomes quite small especially under IFR conditions. It might be
noted that below 500 ft altitude all of the LearJet encounters in Refs. C-1
and C-2 would be unacceptable according to the criteria proposed in Ref.
C-10. Other unpiloted simulations or simulations using a paper pilot have
been conducted in Ref. C-11. However, a rather complex series of assumptions
regarding pilot behavior during a vortex encounter are required that appear
difficult to justify from the flight test data. The most complete unpiloted
dynamic simulation study 1s presented by Nelson in Ref. C-13. Nelson's
results show clearly the very nonlinear nature of the response problem and

clearly illustrate the sensitivity of the vortex induced motion to the initial
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flight path of the encountering aircraft relative to the wake of the
generating aircraft. Nelson's results appear to be quite well supported by
flight test results, described by Condit in Ref. C-12. He shows that in very
shallow approaches to the vortex field, if the aircraft is uncontrolled, the
outer flowfield tends to drive the aircraft away from the wake and the
encounter is quite mild. However, doubling the lateral approach velocity from
that corresponding to 3° to 6° changes the encounter from a very mild one to a

very severe one in terms of induced bank angle.

Thus, while it is clear that this hazard 1is a very serious ome it appears
difficult to precisely quantify the problem. It seems clear that it is a very
short term event caused by interaction of an aircraft in a very narrow region
of another aircraft wake. Close to the ground under TFR conditions, it
appears that almost any encounter is hazardous, except perhaps in the case of

one very large aircraft encountering the wake of another very large aircraft,

C.?2 Vortex Induced Motions

In this section some Dbasic relationships are given for wvarious
quantitities of interest related to the response of an aircraft encountering
the trailing vortex of another airecraft. It has been noted in the previous
section that it is difficult to precisely quantify this problem, however, some
general trends can be pointed out from the analysis. While other aspects of
the aircraft response may be important depending upon the circumstances of the
encounter, the rolling motion appears most critical and, therefore, this
section 1is primarily concerned with aircraft motion about the roll axis.
Unsubscripted values refer to characteristics of the aircraft encountering the
vortex and the subscript "g" 1is used to indicate quantities associated with
the wake generating aircraft. For simplicity, only a single line vortex is
considered in the following discussion. The roll acceleration of an aircraft

can be expressed in terms of the rolling moment coefficient Cg as

p-EL () ¢ (C-4)
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where b 1s the span of the aircraft encountering the vortex and kX is the
radius of gyration of the aircraft in roll. The ratio of span to radius of
gyration 1s primarily dependent upon the aircraft configuration and an average
value of 6.6 characterizes multi-engine aircraft and a value of 10.4
characterizes single engine aircraft. For a given roll moment coefficient,
note that the roll acceleration varies inversely as the span of the
aircraft. This basic trend with size is due to the fact that for
geometrically similar aircraft, the moments of inertia increase faster with

size than the aerodynamic moments.

The rolling moment coefficient can be conveniently expressed in terms of
the 1ift coefficient induced at the wing tip of the aircraft encountering the
vortex when the aircraft is centered in the vortex and aligned with the vortex
axis, CLT , and an effective moment arm, Y, , measured in spans which depends
only upon the taper ratio of the wing and the velocity distribution across the

wing due to the vortex flowfield. Thus,

c, =C Y (C-5)

where assuming an elliptic loading on the generating aircraft,

bg Ug 9 CLg
N i I (¢-6)
m g
and
1
21 f 2%y dy ;
Ye =7 c aydy (C-7)
-1
where y 1is normalized by the semi-span, the chord is normalized by the

average chord based on wing area, and the angle of attack is normalized by the
angle of attack induced at the tip. For an untapered wing c =1 and an
idealized vortex with tangential velocity inversely proportional to radial
distance outside the core, and proportional to radial distance inside the

core, Y, is equal to,
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1 2
Yo mqll - 5T e

where r. is the core radius in semi-spans. Thus, Yo varies, by a factor
of 3, from 1/2 for an ideal vortex with no core to 1/6 when the core radius is
equal to the semi-span of the encountering aircraft wing. It might be noted
with this formulation, the priﬁary effect of downstream distance and vortex
decay tends to appear as an increasing core radius and consequently a
reduction in Yo - Typically, the core radius is the order of (0.1 span or
less for the smallest aircraft considered, the LearJet., The lift curve slope
in Eq. (C-6) should be based on a reduced aspect ratio due to the asymmetrical
loading produced by the vortex. Rossow shows that using Jones theory gives
good agreement with more elaborate methods as well as experimental data, That

is,

2TAR
TR 6 (=9

The magnitude of the problem can be readily seen by inserting typical values

C, = l.4
“g

AR, = 6.96
Ug =0
AR = 6

Y, = 0.4

These values give a rolling moment coefficient in terms of span ratio

c, = .051 & » (C-10)
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The severity of the problem can be readily seen given the fact that the
maximum available roll control (full aileron deflection) typically varies from
.05 (LearJet) to .10 for a wide variety of aircraft (Table C-1) Note that for
a LearJet encountering the wake of a B747 the span ratio 1s about 5.7

indicating a very severe response.

The roll acceleration is of the order of

p = 1.59 —& (C-11)

for a multi-engine encountering aircraft at a lift coefficient C; = 1.4 .

These calculations 1indicate maximum values calculated for an aircraft
which is centered in a line vortex. Simulator studies of encounters close to
the ground indicate that the bank angle of the aircraft induced by the
encounter 1is of concern to the pilot, which implies that the time of the
encounter is of importance, as well as the variation of the rolling moment
coefficient with displacement of the aircraft away from the vortex
centerline. The importance of the bank angle makes the estimation problem
much more difficult as it depends on pilot control actions, as well as the
precise geometry of the encounter, i.e., the time spent in the center of the
vortex, as well as whether the aircraft actually encounters the center of the
vortex. As the alrcraft is displaced laterally from the center of the vortex,
the rolling moment coefficient resulting from the vortex flowfield decreases
rapidly, Refs. C-6 and C-7. A similar decrease occurs if the aircraft is
displaced vertically. Consequently it can be seen that the spatial region,
where the rolling moment exerted on the encountering aircraft is large, is a
tube with a diameter of the order of a span of the following aircraft,

considering only one single vortex.

1f the aircraft flight path 1is not aligned with the centerline of the
vortex, the change in rolling moment with inclination can be calculated. The
variation of the rolling moment coefficient depends upon the core size

relative to the semi-span of the wing. The variation 1is contained in the
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TABLE C-1

Roll Control Power

Aircraft Span (ft) (Nondimensional)
B747 195.7 © .068
B707 145.8 .080
B727 108 .092
B737 93 097
DC9 89.4 067
T37B 33.8 .060
LearJet 34 047
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quantity Yo and can be expressed as a ratio of the rolling moment

coeffibient when the alrcraft is aligned with the vortex as,

C2 ) cosai - 667 rC .
- ( 2 ) —) cosa < (C-12)
L cos a, 1 - 667 1 i
o i c

when the wing is partially within the core and partially outside the core, and

) < 5 (C-13)

when the wing is entirely within the core. This variation is shown in Figure
C-1 for typical core sizes of ;c = 0.1 , ;C = 0.2 . For these core radii
typical of the problem of interest it can be seen that for values of € up to
about 45° the rolling moment coefficient varies as (cosoni)—1 , when the

aircraft is centered in the vortex and rotated through the angle a; .

Since handling qualities studies have shown that the critical quantity to
the pilot is the bank angle resulting from a vortex encounter, the estimation
of the bank angle 1is now considered. As noted above, in general, it 1s
difficult to estimate the bank angle, due to the larger times involved and the
nonlinear nature of the problem as indicated by Nelson's studles. 1in Ref.
C-13. For very shallow approach angles, there may be no encounter at all,
thus the trends indicated in the following analysis only apply above some
critical encounter inclination. It has been noted that the region in which
the induced rolling moment is large is of the order of a semi-span, it seems
reasonable to assume that the disturbance to the aircraft can be characterized
by a constant rolling moment disturbance acting over the spatial distance of a
semi-span, in order to estimate the resulting bank angle. The aircraft

traverses this region in a time given by
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w0 C-14
ht 2U sinoy (C-14)

This encounter time is typically the order of one second or less (Refs. C-3,
C-4 and C-10). This encounter time 1s wusually less than the roll time
constant (the inverse of the roll damping derivative) and consequently it 1is
possible to obtain a conservative estimate of the bank angle induced by
assuming that the rolling acceleration 1s constant during this time.

Therefore, the bank angle is given approximately by,

2
¢ = p (A;) (C-15)
In terms of the vehicle parameters
C
U L ghb Y
. (1 1 b 2 g g £ e _
i L y g v sin ai

It is interesting to note that this result is essentially independent of the
span of the aircraft that encounter the vortex, with the exception of the
influence of core size through the quantity Yo - This trend 1s quite
different from the result obtained by Tingling in Ref. C-3 for example, who
assumes a constant encounter time. If a constant encounter time 1is assumed
then the roll angle will vary as the roll acceleration, and experimental
results are presented by Tingling showing that this relationship 1s not
supported by flight test results. The encounter time should depend upon the
flight path of the encountering aircraft. Note that for a constant encounter
time, the bank angle would vary inversely as the square of the span of the
encountering aircraft. It has been assumed in this calculation that the pilot
does not respond to the disturbance with control application. The time scale
of the encounter increases with increasing aircraft size giving the pilot more
time to react and also tending, therefore, to reduce the maximum bank angle.
In addition, the maximum rolling moment exerted on the encountering aircraft

becomes less relative to the control power of the aircraft and thus any

control action 1s more effective.
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Now it is possible to estimate the bank angle induced by a change in
incidence of the flight path relative to the vortex. The maximum rolling
moment on the alrcraft increases as (cosai)—l while the time of the
encounter decreases as (sinoci)"1 .  Thus, the bank angle induced should vary
as (sinzai c:osozi)—1 . Of course, this approach gives an infinite bank angle
at oy = 0 since the time of the encounter is infinite. However, as noted
above; with no pilot actions there will tend to be no severe encounter below
some critical incidence which is difficult to quantify. This is supported
both by the flight test results described by Condit, as well as the simulation
studies mentioned above. Thus to display the trend the bank angle induced 1is

ratioed to the value induced if the flight path angle is 3° ,

2.0 0
i _ sin23 cos3 (C-17)

30 sin“a, cosa,
i i

The variation in bank angle with a; is shown in Figure C-2. There is a
rapid reduction 1in the maximum bank angle 1induced as the angle oy
increases. An increase in the incidence angle from 3° to 6° causes a factor
of four reduction in the maximum bank angle. The rapid drop off does not
indicate that the hazard does not exist for larger encounter angles, but
primarily indicates the sensitivity of the bank angle to the geometry of the
encounter, and also tends to indicate another reason for the large variations
in the flight test data. Below some critical incidence, the bank angle
induced will decrease rapidly as the aircraft will not encounter the center of
the vortex. These results indicate that the vortex induced bank angle is very
sensitive to the precise details of the encounter and thus a reason for the

large variability shown in flight test.

These idealized relationships essentially provide upper limits on the roll
acceleration and bank angle in an encounter and are difficult to directly
verify from flight test data due to the inability to provide precise
experimental control and the sensitivity noted above. It has been shown above
for example that the bank angle induced is very sensitive to alignment of the
aircraft relative to the vortex axis and this is difficult to quantify in a
flight test. It has also been assumed that the pilot takes no action where in

fact there will be pilot action. The effectiveness of the pilot's response
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will depend upon the time scale of the disturbance and thus the pilot in a
larger aircraft 1is 1likely to be more effective 1in countering the
disturbance. Furthermore, the roll acceleration induced on the larger
aircraft will be smaller as well as the rolling moment coefficient and
consequently the roll moment induced by the vortex will be a smaller multiple
or fraction of the control power of the aircraft and consequently on a larger
aircraft the pilot's action will be ﬁore effective in reducing the maximum
bank angle that occurs as a result of the disturbance. Thus, even though the
simple theory given above indicates that the bank angle induced depends only
on the size of the generator aircraft, it 1is likely that for reasons given
above the maximum bank angle experienced will be smaller for larger aircraft

encountering the same disturbance.

The general trends indicated by this analysis are supported by the
idealized simulation studies of Ref. C-10 where the direct dependence of bank
angle induced on encounter angle can be seen to vary in the manner given by

the simple result above.

Close to the ground, other aspects of the aircraft motion may also become
critical especially under IFR conditions, where any deviations from the glide
path are significant. Studies have indicated that normal acceleration, as
well as the dutch roll dynamics that ensue after the initial disturbance can

be critical factors as well.
C.3 Dynamic Solution (Linear Theory)

It is possible to quantify further the roll response of the encountering
aircraft by numerical calculation if the aircraft trajectory is assumed and
the vortex flowfield is simplified by assuming that about each vortex the

swirling velocity is given by '

Tr
- (c-19
2m{r” + r7)
c
where r is measured from the center of each vortex.
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Since the encounter angle o; ranges from 0° to 90°, long encounter times

are possible and roll damping is included in the equation for roll rate. It

is easily shown that

C C
2 L L
I (S b ag _ o g5 _

where

/2 2
y 4+ r X + s cosd X, =S cos @

I=- ——2—17—5-[tan—1 ( o i] - tan_1 [

h2 s e 2+ 2

i

2 2
X (x + s cosa,) +y_ +7r
~ % 4n [ 0 i o} c ]
2b (x - s cosa )2 + 2 + r2
o i Yo c
(C-20)
/2 2
y_ +r Xx + b + s cosq, x + b - s cos®
o] c g -1 o) -1 o g i
e [tan [ o ep— - tan (
VAR VIR
o} o c
X + b (x +b + s cosOl,)2 + y2 + r2
0 g 0 g i o c
+ in [ ]
b 2 2 2
(x +b -scoso ) +y +r
o} g i o c

is the nondimensional torque induced by a vortex palr of spacing bg . The
coordinates used above are shown schematically on Figure C-3. The encounter

angle, o , is prescribed and results in an encounter velocity, V , by

o, = siﬂ—1 (C-21)

y
1 U,

All results presented below assume that the encountering aircraft's wings
remain level so that the torque may be evaluated from I . Also, the initial

position of the encountering aircraft is assumed to be
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Figure (-3. Assumed encounter geometry. The encountering alrcraft
trajectory passes through the center of the right vortex
along a path which is at angle « from the horizontal.



/QE + y2 = 300 ft , a = tan = — (C-22)
o) o) X

Results for the maximum roll rate as a function of oy and o are shown

on Figures C-4 - C-7. For the following generator/encounter aircraft

Generator Encountering Aircraft
B747 B737
B747 DCY
B727 B737
B727 DC9

Note the rapid drop-off of maximum roll rate with encounter angle 04 and the
rather weak dependence on trajectory a . This weak dependence 1s presumably
due to the fact that all trajectories pass through the center of the vortex on
the right as shown on Figure C-3. Note that the inclusion of roll damping

limits all maximum roll rates to

which typically is above the roll authority of current transport aircraft.
However, an encounter trajectory, as prescribed above, is highly unlikely and
would require, 1if even possible, substantial pilot control inputs. The
results presented here should be taken as an upper bound of what might

actually occur in practice.
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